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Visible lightAbstract Mn doped TiO2 was synthesized by hydrothermal treatment of titanium boride and man-
ganese chloride. The doped nano powders were fabricated by adding ammonium water into the
mother solution which was obtained hydrothermally. The calcination of precursory powders took
place at the temperature of 400–600 C which resulted in the formation of anatase with a small
amount of rutile phase. The shift of valence band maximum (VBM) toward the lower binding
energies was observed by measuring the position of VBM with reference to the Fermi level, which
contributed to the signiﬁcant red-shift of absorption edges. X-ray photoelectron spectroscopy
(XPS) measurement shows that manganese exists in both 4+ and 3+ valance states, which may
have a temperate replacing of Ti4+ because of the charge compensation compared with 2+ and
3+ valence states. The property of photoelectric conversion was detected by evaluating the pho-
tocurrent under visible light (>420 nm), and the ﬂuorescence spectra also proved that 6%-Mn
doped TiO2 (DM6) shows a better photoelectric conversion performance.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Global environmental and energy crisis demand for high perfor-
mance and low cost semiconductors, which can transform solarenergy to electric energy. So many researchers have devoted
efforts to the physical and chemical researches of semiconduct-
ing TiO2. The fundamental limitation due to the wide band gap
of TiO2 (3.2 eV for anatase), makes it rather ineffective for vis-
ible light which accounts for more than 50% in the whole solar
spectrum [1,2]. To break through the UV limitation of TiO2 in
anatase and rutile phases, extensive experimental and theoreti-
cal work has been conducted toward doping TiO2 with both
transitionmetal and nonmetal dopants to utilize the whole spec-
trum of solar light, which will promote the potential for a wide
range of prospective applications such as pure inorganic oxide
solar cell, photocatalyst for degradation organic pollutants, fea-
sible water splitting and air puriﬁcation [3–8]. And also noble
596 L. Wang et al.metal (Au, Ag, Pt etc.) deposition gives evidences about electron
relay effect to enhanced visible light activity [9–15], besides, bin-
ary metal oxide photocatalytic degradation researched by A.
Stephen and co-workers give another direction to reduce the
inﬂuence of the wide band gap [16–18]. The signiﬁcant red shift
effect of band edges of doped TiO2 can be contributed to nar-
rowing the bandgap, introduction of an intermediate band
(IB), and the formation of color center or localized states in
the band gap. Latest news show that the nature of visible light
response coming from photoinduced electron traps has been
explored by excellent scientiﬁc research workers [19].
Various molecular design theories are trying to chart a road
map for effective doping formulation. The consistent results of
the experiment and calculation have helped researchers to clarify
the origin of visible light performance bydoping. In our previous
work, the doping effect and the origin of visible light absorption
of several 3d transitionmetals, including V,Ga, Cr, Fe,Mn, Co,
Ni, Cu, and Zn doping in TiO2 investigated, using a molecular
design approach within the framework of the density functional
theory (DFT), with Hubbard U correction (DFT + U) for nec-
essary reﬁnement in the modeling [20–22]. The results of model-
ing indicate that Mn substitution of the Ti lattice sites has the
biggest potential among 3d transition metals, for the reduction
of energy gap and the introduction of effective intermediate
bands (IBs) to allow multi-band optical absorption.
Mn-dopedTiO2was recently implemented in the case of pho-
tocatalytic and solar-driven water splitting, which mostly uses
TiOSO4ÆxH2O, Ti(OCH(CH3)2)4 [23] or tetrabutyl titanate as
Ti resource. However, the doping in neutralizing process of
the mother solution gives rise to the equilibrium doping. Ruby
Chauhan [24] reported his Mn doped TiO2 for structural and
photocatalytic studies while there did not seem much bandgap
narrowing as to their Mn2+ doping. Our team reported Mn-
doped TiO2 thin ﬁlm by magnetron sputtering [38] and
Mn4+/Mn3+ doped photocatalytic [25] before. By comparing
the doping methods, maybe the formation of titanium man-
ganate or titanate including manganese ion after neutralizing
(Fig. 1a) reaction gives a new way for preparing the precursor
of doped TiO2, which exhibits a better doping efﬁciency after
the heat treatment of that precursor. In this work, a Mn doped
TiO2 was synthesized by hydrothermal treatment of titanium
boride to get themother solution. TiO2 was precipitated by add-
ing ammonium water into the hydrothermally obtained trans-
parent solution, what is interesting is that the temperature of
crystal and phase transition was greatly inﬂuenced by the differ-
ent doping levels. It has been found that the Mn-doped TiO2
nano particles exhibit much higher photoelectrochemical per-
formances than pure TiO2 under visible light irradiation. All
the structure characterizations were made to speculate the indi-
rect relationship between the solar energy utilization and photo-
electric conversion, Mn4+ may play the key role for its
absorption of visible light and low charge difference of metal
ion. Also the ﬂuorescence spectra give the evidence of hydroxyl
radical (OH) production of Mn-doped TiO2 only under
>420 nm visible light irradiation, combined with the
photocurrent.2. Experiment
Hydrochloric acid (36.5–38% by weight ratio) was mixed with
deionized water by the volume ratio 1:3 in a Teﬂon linedstainless steel autoclave. Titanium boride powder (Aladdin,
4–8 lm), which does not react with both HF and HCl in ambi-
ent conditions, was added into the autoclave together with
MnCl2 (Alfa, America) powder. The content of Mn was con-
trolled by atomic percentage MnCl2/TiB2 in a ratio 010%.
For the convenience of description, the samples are referred
according to the Mn content, therefore, the DMx refers to
powders with nominal Mn content of x%. The autoclave
was kept at 180 C for 30 h. After it was cooled to room tem-
perature, a violet and transparent solution was obtained.
Then, ammonia water (25%, Sinopharm Chemical Regent)
was added into the above aqueous solution, which led to the
formation of Mn-doped TiO2 precursor. The precursor was
collected by centrifugation and fully washed with deionized
water to remove any dissolvable impurity. After drying at
80 C in air, the precursor was annealed to get Mn doped crys-
talline TiO2.
2.1. Characterization
The diffused reﬂectance spectra of the catalysts were recorded
on a UV–Vis spectrophotometer (Shimadzu, model UV3600)
in the range of 200 to 800 nm and standard BaSO4 powder
was used as a reference. The morphology of the TiO2 powder
was observed by HR-TEM (FEI JEM-2100). X-ray diffraction
(XRD) measurements were carried out using Rigaku Ultima
IV with CuKa radiation (wavelength = 0.15406 nm) from
20 to 80 at a scanning speed of 2/min. XPS of the catalysts
was performed on an ESCALAB 250 spectrometer (Thermo
Scientiﬁc Ltd. England) with AlKa (1486.6 eV) radiation as
the source. Raman spectra were collected by using Lab
RAM HR 800 evolution. Photocurrent under visible light irra-
diation was recorded with a potentiostat (AMETEK,
PARSTAT 4000) in a sandwich-type conﬁguration using Pt
slice as the counter electrode, a saturated calomel electrode
(SCE) as the reference, and 0.1 M Na2SO4 solution as
electrolyte. The Mn doped TiO2 nano powder was used as
photoelectrode (coating on FTO) in the 3-electrode electro-
chemical cell. A 300 W xenon arc lamp equipped with an ultra-
violet cutoff ﬁlter (k> 420 nm, Shanghai Lansheng Sci-tech
Co. Ltd., China). Fluorescence measurements (Tianjin
Gangdong F-280) were used to detect the number of hydroxyl
radicals induced by terephthalic acid, and the excitation wave-
length chosen as 320 nm.
3. Results and discussion
TiB2 is the most stable of several titanium-boron compounds
and does not react with both HF and HCl in ambient condi-
tion. It was used as a raw material to fabricate TiO2 powder
by the hydrothermal process. Therein, interstitial Br+
(r 6 3) ion can weaken the Ti–O bond and make the lattice
doping more feasible [2]. In this work, the hydrothermally
obtained solution shows a light violet color (the left one in
the inset of Fig. 1a) after reaction. PH value of the solution
was 5.0. After neutralization by ammonium water, the ﬂoccu-
lent precipitate was formed and the solution became colorless
(the right one in the inset of Fig. 1a). To analyze the ions
involved in the precipitin reaction, the UV–Vis spectra of solu-
tion before and after neutralization were recorded. Peaks in
Fig. 1a were compared with the established curves of standard
Figure 1 (a) UV–Vis absorption spectra of the solution before and after neutralization; (b) XRD patterns of samples calcined at 400 C;
(c) XRD patterns of samples calcined at 600 C; (d) TEM image of DM6.
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ammonium water, the solution contained Ti4+, Cl and H+,
while the NH4+ peak was detected after neutralization. The
ﬂocculent precipitate was examined by XRD and was proved
in the amorphous state. The crystallization of anatase
(Fig. 1b) occurred when calcined at 400 C. A small amount
of the rutile phase in DM4 was conﬁrmed by the XRD pattern
as shown in the bottom panel in Fig. 1b. With the increase of
Mn content, the formation of the anatase phase needs higher
temperature, but obviously the phase-transition temperatureFigure 2 (a) Selected-area electron diffractionfrom anatase to rutile decreased. For DM8 and DM10, the
anatase crystallization occurred at the temperature of near
600 C. If Mn content is higher than 8 at.%, the rutile phase
became the dominant phase.
Fig. 1d shows that typical TEM morphology image of the
Mn doped sample (DM6). Samples consist of well dispersed
nano particles with a uniform size of 20 nm. The selected-
area electron diffraction of DM6 after sintering at 600 C
was displayed in Fig. 2a, which was proofed as an anatase
phase. Sintering of DM0 and DM2 at 600 C has resulted inof DM6 (anatase); (b) HRTEM of DM6.
Figure 3 Raman spectra of the pure TiO2 and DM4 sample (red
line: pure TiO2; black line: DM4).
Figure 4 (a) UV–Vis absorption spectra of pristine TiO2 and
DM 10. (b) VBXPS spectra of doped TiO2, with an arrow-headed
line guiding the evident elevation in the VBM due to Mn doping.
Figure 5 XPS spectrogram of Mn-doped (4%) TiO2; (a) survey
spectrum; (b) spectra focused on the Mn 2p; (c)spectra focused on
the O 1s.
598 L. Wang et al.the crystallization of a single anatase phase. In Fig. 2b, it was
found that the rutile phase began to grow around the anatase
when the DM6 was calcined at 600 C, which agrees with the
XRD result. The yellow dotted line indicates the phase bound-
ary of the two phases. It is observed that (002) facet serves as a
habit face for the growth of rutile (110) [26]. The distance mis-
match between them was just 0.02 nm.
Raman spectroscopy was used to detect the possible
inﬂuence of manganese doped on the geometric structure of
TiO2. Anatase shows six active modes, namely, Eg(1), Eg(2),Eg(3), B1g(1), B1g(2) and A1g, with frequencies at 144, 197,
639, 399, 519, and 513 cm1,respectively.[27] An additional
active mode ranging from 430 to 480 cm1 (Fig. 3) is observed
in the doped TiO2, which is not attributed to any TiO2 phase.
So a possible explanation for this situation is that substitu-
tional manganese doped in the lattice of TiO2, changed the
typical anatase TiO2 Raman selection rules by lowering the
geometric symmetries of TiO2 [1]. In our case, Ti–O–Mn
may be responsible for this mode.
With the increase of Mn content from 0% to 10%, the color
changed from white to dark brown. The absorption edges of
Mn doped samples can be shifted continuously to 700 nm when
the Mn content reached to 10 at.%. Fig. 4 a shows the UV–Vis
Figure 6 (a) Comparison of the doping effect of magnetron
sputtering (ﬁlled square) and current work (open square). (b)
Photocurrent driven by visible light for DM0–DM8.
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valence band XPS (VBXPS) was employed to probe the origin
of the red-shift in the optical absorption edges of Mn-doped
TiO2, which provides spectra proportional to the occupied den-
sity of state (DOS) and has thus been used to investigate the
electronic structures of the Mn-doped TiO2 samples [28–30].
As seen from Fig. 4b, the valence band maximum shifted
toward the lower binding energies and the overall valence bandFigure 7 Fluorescence spectra of the DM 6 sample under visible ligh
30, and 40 min; (b) the comparison of ﬂuorescence intensity betweenwidth increases with increasing Mn content. As the Mn doping
level reached 10%, the valence band edge was shifted from 1.79
to 0.84 eV. This indicates that Mn doping induced consider-
able energetic elevation of the VBM, which could contribute
to narrowing the overall energy gap in the doped materials.
The TiO2 VB is composed mainly of the occupied O 2p states
with some minor contributions from metal (Ti) 3d states. The
shape of VB spectra can be related to the chemical states of oxy-
gen in TiO2 [31,32]. The presence of oxygen vacancy will ﬂatten
the top of the valence band (VB) and change the peaks into a
plateau. In such a case, it can be concluded that the sample
of Mn doped TiO2 is with low content of oxygen vacancy.
According to some DFT calculations using different
exchange–correlation (XC) functions [33], the appearances of
oxygen vacancies in TiO2 will induce a donor level next to the
CBM and mid-gap (deep level) defect states, without any evi-
dent effect on reducing the overall energy gap.
The qualitative results of the XPS experiments are displayed
in Fig. 5. Survey spectra were taken (Fig. 5a) and the presence
of manganese and oxygen was evidenced. The presence of Mn
2p1/2 (642.8 eV) peaks associated with Mn4+ and 641.5 eV is
attributed to Mn3+ in Fig. 5b, respectively [34]. Fig. 5c
focuses on the O 1s binding energy at 529.7 eV (lattice TiO2
oxygen atoms) with a shoulder centered at 531.5 eV. This latter
feature is due to the presence of OH surface groups and possi-
bly adsorbed water [35]. As we mentioned above, the samples
have a quite low content of oxygen vacancy, which corresponds
to the higher oxidation state of manganese [36,37].
Fig. 6a displays the comparison of doping effect of mag-
netron sputtering (as ﬁlled square) and current work (as open
square). It is clearly demonstrated that almost the same band-
gap narrowing effect can be achieved while the Mn content is
just 1/5 of that in Ref. [38]. It had been conﬁrmed that the
magnetron sputtered TiO2 contained a high density of oxygen
vacancy due to the thermodynamically nonequilibrium growth
condition.
According to the shift of VBM toward the lower binding
energies, the absorption peak edges red-shifted continuously.
However, the actual measurements of visible light driven pho-
toelectric conversion performances did not really conﬁrm this
trend as shown in Fig. 6b. 6%-Mn doped TiO2 shows a supe-
rior photoelectric conversion performance which largely
improved compared with pure TiO2. It is believed that thet (k> 420 nm): (a) different ﬂuorescence spectra curves at 10, 20,
DM 6 and pure TiO2.
600 L. Wang et al.photoelectrochemical performances are inﬂuenced by not only
the excitation and separation of electron–hole pairs but also
the transport of charge carriers, and the ﬁnal photocurrent
density was determined by the synergistic function of these
two factors. Therefore, the photoelectric conversion perfor-
mance decreased when the Mn content was higher than
6 at.% (Fig. 6b). It is concluded that high level doping may
cause too many lattice defects, which can act as recombination
centers for electron and holes so that they degrade the conver-
sion performance [39]. The competitive growth of rutile when
Mn content is higher than 6% may also inﬂuence the photo
sensitivity of TiO2 [40].
The photoactivity of the manganese doped TiO2 was esti-
mated by detecting the generated amount of the important pho-
tocatalysis active species of OH radicals, terephthalic acid (TA)
was used as a ﬂuorescence probe [41]. As shown in Fig. 7a,
obvious ﬂuorescence spectra associated with 2-hydroxy TA
are generated upon irradiation of the DM 6 suspended in TA
solution within 350–600 nm for different irradiation times.
The nearly linear relationship between ﬂuorescence intensity
and irradiation time does conﬁrm the stability of our sample,
and more importantly, the synthesized DM 6 can generate
the photocatalytic OH radicals under >420 nm as illuminated.
Only neglectable OH radicals can be formed for pure anatase
TiO2 under visible light irradiation.4. Conclusion
This work induces a signiﬁcant red-shift to 600 nm in the
optical absorption edges of TiO2 so that they can be used as
effective optical absorbing materials in novel photovoltaic cells
with long-term sustainability or smart photo-catalysts beyond
the ultraviolet range. A Mn doped TiO2 was synthesized by the
hydrothermal treatment of titanium boride and manganese
chloride to get the precursor solution. TiO2 was precipitated
by adding ammonium water into the hydrothermally obtained
solution. The continuous red shift was observed on the UV–
Vis spectra by increasing Mn content from 0% to 10%. The
remarkable improvement of about 5 times in photo current
compared with that of pristine TiO2 was obtained by Mn dop-
ing in the visible (>420 nm) light region. The spectroscopic
characterization and VBXPS proved that Mn-doping induced
signiﬁcant band gap narrowing and contributed to the visible
light driven photoelectric conversion performance.
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